Damped long-term host–parasite Red Queen coevolutionary dynamics: a reflection of dilution effects ? by Decaestecker, Ellen et al.
LETTER Damped long-term host–parasite Red Queen coevolutionary
dynamics: a reflection of dilution effects?
Ellen Decaestecker,1* Herbert De
Gersem,2 Yannis Michalakis3 and
Joost A.M. Raeymaekers4,5
Abstract
An increase in biological diversity leads to a greater stability of ecosystem properties. For host–parasite
interactions, this is illustrated by the ‘dilution effect’: a negative correlation between host biodiversity and
disease risk. We show that a similar mechanism might stabilise host–parasite dynamics at a lower level of
diversity, i.e. at the level of genetic diversity within host species. A long-term time shift experiment, based
on a historical reconstruction of a Daphnia–parasite coevolution, reveals infectivity cycles with more stable
amplitude in experienced than in naive hosts. Coevolutionary models incorporating an increase in host alle-
lic diversity over time explain the detected asymmetry. The accumulation of resistance alleles creates an
opportunity for the host to stabilise Red Queen dynamics. It leads to a larger arsenal enhancing the host
performance in its coevolution with the parasite in which ‘it takes all the running both antagonists can do
to keep in the same place’.
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INTRODUCTION
Biological diversity has been hypothesised to stabilise ecological
interactions. On a community level, an increase in species diversity
with different sensitivities to a suite of environmental conditions is
expected to lead to a greater stability of ecosystem properties (May
1974; Hillebrand & Matthiessen 2009). The decrease in aggregate
variability of the community with increasing numbers of species
results from random fluctuations of individual species. Redundancy
of functional effect traits and diversity of functional response traits
act as an insurance in carrying out ecological processes (Tilman
1999; Hooper et al. 2005). This is illustrated by the dilution effect:
there is a negative correlation between host biodiversity and disease
risk if more diverse assemblages support a greater fraction of low-
competency hosts. The loss of species diversity may then result in
an increased risk of disease (Keesing et al. 2006; Johnson et al.
2013). In this study, we investigate whether a similar mechanism
might also act at a lower level of biological diversity, i.e. at the level
of genetic diversity within host species. Indeed, increased host
genetic diversity may stabilise host–parasite coevolutionary dynamics
in the sense that a larger repertoire of resistance alleles might form
a buffer against parasitism in terms of predictability, represented by
a decreased amplitude in the fluctuations of infectivity.
In host–parasite coevolution, fast evolving parasites induce a
negative frequency-dependent selection in the host, which often
results in Red Queen dynamics. Fast reciprocal interactions
between hosts and parasites may result in fluctuating frequencies of
allelic variants of both host and parasite genotypes over time,
where ‘who stands still, loses the game’ but no one progresses in
terms of average absolute fitness. These Red Queen dynamics pro-
vide an explanation for the occurrence of sexual reproduction as a
mechanism for the host to cope with parasitism (Hamilton et al.
1990) and could explain why disease resistance loci show strong
polymorphism (as detected e.g. by Kurtz et al. 2004). Given that
parasites adapt to specific and frequent host genotypes, a possible
way for the host population to adapt is to produce a diverse set of
genotypes in the offspring, including genotypes to which the para-
sites are not adapted. Genetic diversity hence fuels Red Queen
dynamics, as it is the host’s weapon in its coevolution with fast
evolving parasites.
Valuable insights into antagonistic coevolutionary dynamics come
from time shift experiments challenging hosts and parasites from
different time periods (Elena & Lenski 2003; Hall et al. 2011). The
Red Queen hypothesis has received increasing empirical support
from multigenerational studies investigating the temporal adaptation
of the coevolutionary process (Decaestecker et al. 2007; Koskella &
Lively 2007; Schulte et al. 2010). Some temporal studies have shown
how the coevolutionary process maintains balanced resistance and
infectivity polymorphism (Paterson et al. 2010; Thrall et al. 2012)
and that the coevolutionary process promotes sexual reproduction
(Morran et al. 2011). One model system that allows performing
time shift experiments is Daphnia. This invertebrate deposits dor-
mant stages, which remain viable over long time periods. In this
way, dormant stage banks in layered pond sediments are built,
providing an archive of past gene pools (Hairston et al. 1999).
Various viable bacterial spores that infect Daphnia accumulate in the
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sediment as well (Decaestecker et al. 2004). A cross-infection
experiment using dormant stages of both Daphnia magna and its
parasite Pasteuria ramosa from different time periods revealed that
contemporary parasites perform better than parasites from the
recent past or the near future (Decaestecker et al. 2007). Further-
more, there was no net increase in parasite infectivity over time.
This pattern of adaptation without directional changes in average
susceptibility to infection of the host is consistent with Red Queen
dynamics. Nevertheless, the virulence of the parasite steadily
increased over time.
Despite these results, this and similar experiments do not reveal
which mechanisms help to keep the host running with the parasite,
or how hosts might change. It is probably the host’s genetic diver-
sity that helps the host to keep running with the parasite (Altermatt
& Ebert 2008). If so, it remains unclear whether the number of
resistance alleles remains stable or is required to increase over time
to avoid deterioration of the host’s performance. To explore this
possibility, we used the Daphnia-Pasteuria system in an infection
experiment with two special design features (see Fig. 1a). First, we
used two types of hosts, which differed in their history of exposure
to the parasite used: ‘na€ıve’ vs. ‘experienced’ hosts. Naive hosts
were isolated from a relatively deep sediment layer that coincides
with the start of the Daphnia-Pasteuria association in this pond
(Decaestecker et al. 2004). Experienced hosts were isolated from a
sediment depth at which Daphnia and Pasteuria have coevolved for a
given amount of time. Second, we confronted these hosts with
Pasteuria parasites from all possible time periods, i.e. creating time
shifts from the present to the far future for naive hosts, and from
the far past to the present for experienced hosts. Such an experi-
mental design does not rely on contemporary associations only
(which may mask effects), but maximises the time window between
the two host types (Gaba & Ebert 2009). This might increase the
likelihood that effects of improved host performance will be
revealed over time.
The experiment revealed a smoother amplitude of the infectivity
dynamics for the experienced hosts than for the naive host. Hence,
experienced hosts responded in a more predictable way to infection
than naive hosts. Our main empirical observation therefore is that
while naive hosts exhibit relatively strong fluctuations when facing
parasites from the future, experienced hosts do not show such
strong fluctuations when facing parasites from the past. Potential
mechanisms explaining this pattern should therefore be able to gen-
erate dampening in the coevolutionary oscillations in the infectivity
dynamics. Furthermore, the mechanisms potentially explaining our
observed patterns should be able to explain the difference between
the past and the future associations in our experiment. There was
only one crucial difference in this comparison, viz. the use of naive
compared to experienced hosts with respect to the parasite set we
tested. We investigated several theoretical mechanisms to see if they
could explain these empirical patterns (see also Supporting Informa-
tion ‘Modelled effects over time’).
We first used a standard matching allele type coevolutionary
model (MAM) in which the speed and intensity of host–parasite
dynamics are considered constant over time. That is, host and para-
site fitnesses fluctuate with a constant frequency and amplitude. We
then extended this classical MAM in order to investigate what
mechanisms have the potential to change the amplitude of the
infectivity dynamics over time. The extensions included mechanisms
that might have occurred in either the host or the parasite. For the
host, we focused on the accumulation of resistance alleles, which
could arise either through mutation or immigration, expecting that
this might stabilise the infectivity dynamics. Damping might also be
(a) (b)
Figure 1 Experimental and theoretical set-up. (a) Outline of the experimental set-up. Credits for the core picture go to Jochen Vandekerkhove. (b) Outline of the
theoretical set-up for determining the allotemporary performance of a host–parasite system using the ‘naive’ hosts for future associations and ‘experienced’ hosts for past
associations in both the standard and the extended MAMs.
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due to a parasite trait or to an interaction between host and parasite
traits. For example, variation in host survival rates may well be due
to the fact that even if all the host individuals are the same prior to
infection, they may become infected by parasite genotypes differing
in virulence. If correct, this would result in different host survival
rates. Therefore, we also simulated the effects of increased parasite
virulence over time (as described in Decaestecker et al. 2007), a
shorter parasite generation time, and a higher parasite mutation rate.
We found that only the models incorporating an increase in host
allelic diversity over time explained the stabilising infection dynam-
ics, and reflect a dilution effect, but then within the level of one
host species.
METHODS
Daphnia host clones and parasite isolates were derived from two
sediment cores (see Methods S1). Up to nine 2 cm depth incre-
ments were used covering a time interval of about 18–36 years
(Decaestecker et al. 2007). Per sediment depth, 2–4 phases of sexual
reproduction and at least 10–20 asexual generations of the Daphnia
host are represented. Host clones were obtained through hatching
of dormant eggs, parasite isolates by exposing a random set of
Daphnia clones to sediment from each depth. The oldest sediment
depths used correspond with the beginning of the host–parasite
coevolution in this pond and refer to a time point only a few years
after the pond of the studied population has been created (Decaes-
tecker et al. 2004).
Before performing the crossinfection experiment, maternal
effects were controlled by keeping the hatched Daphnia clones in
clonal stock cultures for several generations in the laboratory under
standardised conditions (in the absence of parasites). From these
stock cultures (originally derived from one single dormant egg
each), three adult Daphnia were kept individually as a maternal line,
with the number of maternal lines being equal to the number of
replicates that were used in the cross-infection experiment (see
below). Neonates of the second clutch of the second generation
maternal lines were then isolated and individually exposed to a para-
site treatment.
The design of the cross-infection experiment is visualised in
Fig. 1. Three (core 1) or eight (core 2) Daphnia clones from the old-
est or youngest sediment depth were exposed for up to one week
to three (core 1) or one (core 2) parasite isolate(s) from each sedi-
ment depth in three replicates. The total number of replicates for
each host depth 9 parasite depth combination ranged between 13
and 27 replicates (Table S2). In the future associations, host clones
from the oldest depth (naive hosts) were exposed to parasites from
all the sediment depths above. In the past associations, host clones
from the most recent depths (experienced hosts) were exposed to
parasite isolates from all the lower sediment depths. All the host
clones were further exposed to parasites from the same depth (con-
temporary associations), except for the naive hosts from the second
core (see Table S2). The exposure design was thus full factorial,
each host clone has been exposed to all parasite strains and recipro-
cally. More information with respect to this experimental design can
be found in the Methods S1 ‘Cross-infection experiment’, which
includes details on parasite exposure (spore solutions used) and
feeding conditions. The medium was refreshed every time the host
released a clutch, or at least every fourth day. After a maximum of
26 days, all Daphnia were checked for Pasteuria infection. The period
of the experimental exposure reflects ecological time in which we
assumed evolution did not occur.
We performed a logistic regression (assuming a binomial error
distribution) to model the effect of host depth and parasite depth
on parasite infectivity (infected or not) according to the full factorial
design of the experiment (Fig. 1a). Host depth was recoded as
experience, i.e. hosts from the most recent depth were labelled as
experienced, while hosts from the oldest depth were labelled
as naive. Experience and parasite depth (all the depths ranging from
the oldest to the most recent depth) were included as fixed factors,
nested in the experiment (i.e. sediment core 1 or 2). The experi-
ence 9 parasite depth interaction was included as well, because it
was expected to be significant if the infection dynamics are
smoother in experienced than in naive hosts (i.e. there are smaller
differences in infectivity when parasites from different depths
infect). The host clone (nested in experience and experiment) and
the parasite line (nested in parasite depth and experiment) were
included as random factors. To further explore whether differences
in infectivity with parasites from different depths depend on the
experience of the host, the data were re-analysed for naive and
experienced hosts separately. This time, parasite depth was recoded
as time shift, i.e. the stepwise time difference between the fixed
host depth and the various parasite depths. The logistic regression
model was constructed with time shift (nested in experiment) as a
fixed factor, and host clone (nested in experiment) as a random
effect. As these two separate tests essentially represent a post hoc
analysis, a Bonferroni correction for multiple testing (i.e. two depen-
dent tests) was applied to evaluate the significance of the various
effects. All the analyses were performed with proc GLIMMIX in
SAS version 9.1 (SAS Institute, Cary, NC, USA).
We developed coevolution models, in which we aimed to identify
the mechanisms that may generate the patterns observed in the
experiment and to study the parameters that influence long-term
coevolutionary dynamics. We first developed a standard matching
allele model (referred to as MAM) similar to that developed by Otto
& Michalakis (1998), Nuismer & Otto (2004) and Lively (2010),
because the genetics underlying infectivity in the Daphnia-Pasteuria
system are suggested to follow a MAM (see Luijckx et al. 2013). In
the MAM, infection occurs when the genotypes of host and parasite
match, i.e. if the host carries at least one allele that matches that of
the parasite. In the simulation, genotypes with one locus and three
up to six alleles were considered. Infected hosts died at a rate pro-
portional to the virulence induced by the parasite. We assumed that
the population sizes of hosts and parasites were sufficiently large to
exclude genetic drift. Hosts and parasites evolved in a well-mixed
population and had successive, non-overlapping generations. The
parasite was haploid, the host was diploid and both reproduced
asexually. Future and past associations for different host popula-
tions have been made, mimicking the experimental set-up (Fig. 1b).
Further details of this standard MAM are described in the SI
Methods. We also addressed the effect of shorter parasite genera-
tion times and higher mutation rates in this standard MAM (see
Supporting Information).
We then developed extended MAMs, in which the experimental
set-up was again mimicked (Fig. 1b). In the first extended MAM,
we studied the effect of an increase of the number of active alleles.
By active alleles we mean the number of possible host alleles gov-
erning whether the infection is successful or not. This aspect is typi-
cally considered constant in theoretical models. However, there is
© 2013 John Wiley & Sons Ltd/CNRS
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no reason to believe that this number is fixed. New recognition
types/alleles may appear during the coevolutionary process, poten-
tially leading to changing amplitudes of infectivity dynamics. We
addressed the effect of shorter parasite generation times and higher
mutation rates in this extended MAM (see Supporting Information).
In the second extended MAM, the effect of an increase in virulence
was investigated. We therefore ran the model with an initial viru-
lence set at either 0.6 or 0.8, which linearly increased to 0.95 until a
prescribed generation, and compared this model with a model run
with a constant virulence of 0.95.
We further performed a time series analysis of the experimental
infectivity data to investigate the periodicity, amplitude and cyclic
dynamics of the Red Queen based infectivity dynamics. Given that
the outcome of standard MAMs are cycles with frequency and
amplitude, a comparison between the standard MAM and the exper-
imental results is possible by subjecting the data to a time series
analysis to calculate the most likely frequency and corresponding
amplitude. A phenomenological simulation of the coevolutionary
interaction as developed in Gandon et al. (2008) parallels a time ser-
ies analysis (spectral analysis) and results in an infectivity varying
periodically with the time shift but features a constant amplitude,
i.e. the infectivity is
W ðDÞ ¼ Acos 2p
Z
D
 
ð1Þ
where A is the amplitude, Z is the period of the periodic variation
and D is the time shift between hosts and parasites.
The extended MAMs (incorporating an increase in host allelic
diversity or parasite virulence over time) which we performed can-
not, however, be reduced to a periodic function for the infectivity
W. A derivation from the extended MAM up to a phenomenologi-
cal formula such as Eqn 1 is not obvious. The extended MAMs
aimed infectivity cycles with varying amplitude. Such behaviour is
not covered in a standard time series analysis. We therefore
included two adapted phenomenological models that incorporate a
change in amplitude over time. In the first adapted phenomenologi-
cal model, the amplitude changes between a minimal and maximal
value with a certain time constant (Eqn 2). Therefore, we propose a
first adapted phenomenological model similar to Eqn (1), but with
Table 1 Logistic regression on parasite infectivity in past and future associations
Model Effect Num DF Den DF F P
A Experiment 1 13 2.14 0.17
Experience 2 19 0.56 0.58
Parasite depth 13 13 1.96 0.12
Experience 9 parasite depth 12 510 2.39 0.0052
B Negative time shift 13 278 1.09 0.37
Experiment 1 9 2.22 0.17
C Positive time shift 12 245 3.05 0.0005
Experiment 1 10 0.30 0.59
Fixed effects of three logistic regressions on parasite infectivity (assuming a bino-
mial error distribution, Type III tests of fixed effects) of Daphnia clones from
recent depths when exposed to past versus future associations (negative versus
positive time shifts). (A) Effect of host experience (naive hosts in the oldest layer
and experienced hosts in the most recent layer), parasite depth (from the oldest
to the most recent layer) and interaction on infectivity. (B) Effect of negative
time shifts on the infection of experienced hosts. (C) Effect of positive time
shifts on the infection of naive hosts. All three models included experiment as
block factor and included contemporary associations next to past or future asso-
ciations. Significant P-values are in bold. Host clone (and parasite strain in A)
was included as random effect(s).
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Figure 2 Results of time series analysis. Parasite infectivity (W, allo- and contemporary performance) in function of time shift (D) of the parasite relative to the host.
Reading from left to right is from positive time shifts representing naive hosts (confronted with future associations) to negative time shifts representing experienced hosts
(confronted with past parasites). Time shift zero indicates contemporary associations. Spectral analyses were performed on the infection data to investigate the periodicity,
amplitude and cyclic dynamics that are assumed in Red Queen dynamics. Red line: standard time series model according to Eqn 1. Blue line: first adapted least-squares
based phenomenological model according to Eqn 2. Purple line: second adapted least-squares based phenomenological model according to Eqn 3.
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an amplitude slowly changing over time:
W ðDÞ ¼ Aþ 1
2
A
 
tanh
D U
Y
  
cos
2p
Z
D
 
ð2Þ
where Y is a time constant indicating the rate with which the ampli-
tude changes and U is a reference time. We propose a second
adapted phenomenological model that explicitly allows for different
amplitudes A1 and A2 for past and future associations respectively:
W ðDÞ ¼ A1 cos
2p
Z
D
 
for D\0
A2 cos
2p
Z
D
 
for D[ 0

ð3Þ
RESULTS
The experiment revealed that, when confronting experienced hosts
with past parasites, parasite infectivity was cycling with a more sta-
ble amplitude than when confronting naive hosts with future para-
sites (Fig. 2 and Fig. S2). This effect was confirmed in the logistic
regression analyses by a significant host experience 9 parasite depth
interaction effect (Table 1a). The significant interaction confirms
that the effect of infection with parasites from different depths
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Figure 3 Effect of increased host genetic diversity over time according to an extended MAM. Parasite infectivity (W, allo- and contemporary performance) in function of
time shift (D) of the parasite to the host according to an extended MAM incorporating an increase over time in the number of active alleles in the host. Reading from
left to right is from positive time shifts representing naive hosts (confronted with future associations) to negative time shifts representing experienced hosts (confronted
with past parasites). Time shift zero indicates contemporary associations. The system starts with 3, 4 or 5 active alleles in the host. At a certain generation, an additional
allele becomes active, ending up with 4, 5 or 6 active alleles in the host. The virulence of the parasites is fixed to 0.95. Generation time and mutation rate is equal
between host and parasite (but See Fig. S3 for differences between host and parasite).
Table 2 Results of the time series analyses
model parameters symbols Eqn (1) Eqn (2) Eqn (3)
Period Z 6.18 6.11 6.00
Amplitude A 0.098 0.102 0.010 (past) 0.158 (future)
Time constant Y 22.5
Time shift U 0.2
Least-squares error E 0.42 0.35 0.36
Obtained values for the period, amplitude, time constant and time shift for the
different time series analyses performed on the infectivity data as observed in
the experiment. The values presented were obtained from the extended MAM
model.
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Figure 4 Application of the phenomenological model onto the extended
matching allele model (MAM). The extended MAM from Fig. 3 was (Monte
Carlo) simulated for 1000 ponds and the extended phenomenological model
(Eqn 3) was fitted onto it in order to what extent an increase in amplitude in
allotemporary performance of parasite infectivity can be generalised when the
number of host alleles increases over time. The phenomenological model
(Eqn 3) was applied on both past and future associations and the average
change in amplitude was measured.
© 2013 John Wiley & Sons Ltd/CNRS
Letter Damped Red Queen dynamics 1459
depends on the experience of the hosts. Specifically, parasite infec-
tivity dynamics on experienced hosts fluctuated with a relatively sta-
ble amplitude (Fig. 2), resulting in the absence of a significant time
shift effect between past to contemporary associations (Table 1b).
In contrast, parasite infectivity dynamics on naive hosts fluctuated
more strongly (Fig. 2), resulting in a significant time shift effect
between contemporary to future associations (Table 1c).
Modifications of the standard MAM through shorter parasite gen-
eration times or higher parasite mutation rates decreased the ampli-
tude of infectivity fluctuations, but were not able to produce the
asymmetrical empirical pattern between naive and experienced hosts
(Figs S1a and b). Via an extended MAM, we investigated the effect
of increasing the number of active host alleles during the exposure
of the hosts to the parasites. We observed a decrease in the ampli-
tude of the allotemporary performance in the past associations (neg-
ative time shifts) when an increase by one active allele was induced
(from 3, 4 and 5 alleles up to 4, 5 and 6 alleles, respectively, Fig. 3).
This result holds irrespective of the relative host and parasite gener-
ation times or mutation rates (Fig. S1c). This behaviour reflects a
damped effect in associations between experienced hosts with past
parasites, whereas this was not the case in associations between
naive hosts and future parasites. An increase in virulence over time
in the second extended MAM did not reproduce the empirical pat-
tern. This model showed a significant change in the period of the
allotemporary performance dynamics, but had only a marginal effect
on the amplitude. Moreover, the pattern was symmetrical with
respect to negative versus positive time shifts (Fig. S3).
We further analysed our experiments by matching the experimen-
tal data to a standard time series model and adapted phenomeno-
logical models. The decrease in amplitude in the past vs. the future
associations was confirmed in both adapted phenomenological mod-
els (Eqns 2 and 3 in Table 2, Fig. 2). This is obvious from the
least-squares errors 0.35 and 0.36 (substantially better than the least-
squares error of 0.42 for the standard time series analysis). All the
regressions of the three equations result in the same period
(Table 2). The time constant of the amplitude change in the first
adapted model is 22.5 and is larger than the period 6.11, which indi-
cates that the amplitude change is a long-term effect (Table 2). If
we simulate the extended MAM for 1000 replicates and apply the
phenomenological model (Eqn 3) to it, we find a strong and signifi-
cant decrease in the amplitude of the infectivity in 40% of the cases
(Fig. 4). It is only in ‘from future to past’ associations that the
decrease in amplitude proved important.
DISCUSSION
Antagonistic interactions between hosts and parasites are a key
structuring force in natural populations, driving coevolution. Direct
evidence of long-term host–parasite coevolution, in particular Red
Queen dynamics, is difficult to obtain. Nevertheless, evidence that
antagonistic biotic interactions can lead to reciprocal coevolutionary
dynamics is available (Koskella & Lively 2007; Jokela et al. 2009;
Morran et al. 2011). Some of this work has also revealed the tempo-
ral dynamics of the process (Decaestecker et al. 2007; Paterson et al.
2010; Schulte et al. 2010). Mathematical models of coevolution con-
firm that negative frequency-dependent selection is an important
component of host and parasite change over time (Otto & Michala-
kis 1998; Nuismer & Otto 2004; Gandon et al. 2008; Lively 2010).
In this study, we have provided both empirical and theoretical evi-
dence that host–parasite coevolutionary dynamics do not always
cycle with constant amplitude. Specifically, in our experiment, we
showed that hosts accumulate changes over time: experienced hosts
from recent sediment depths revealed smaller fluctuations in para-
site infectivity than naive hosts from old sediment depths when
confronted with parasites isolated from different time periods.
These results were confirmed in the coevolutionary MAM when an
increase in allelic diversity in the host was implemented. Introducing
more host alleles in the coevolution leads to more possible
genotypes. Then it becomes less probable that a parasite population
would cause infection in a large number of hosts, dominated by the
same genotype, regardless of the genetic diversity of the parasite
population. This explains the lower amplitude for the infectivity
cycles of the experienced hosts. Given that recent and past hosts
were exposed to the same set of parasites in the experiment (i.e.
parasite genotypes isolated from future time periods for the naive
hosts and parasite genotypes isolated from past time periods for the
experienced hosts were in fact identical), the observed effect must
be due to changes in the host.
Coevolutionary models explaining Red Queen dynamics most
often incorporate adaptation between hosts and parasites through
short-term direct genetic effects affecting the hereditary component
of immunity in a straightforward way. In contrast, long-term (in)
direct genetic effects have not been considered previously in host–
parasite Red Queen dynamics. One reason may be that such effects
may be expected to be relatively unimportant in long-lasting host–
parasite interactions that have reached equilibrium conditions.
Another reason is that these effects can only be revealed if long-
term time shift associations are included. The need to incorporate
long-term effects in Red Queen coevolutionary dynamics is sup-
ported by studies showing that delayed effects of recombination
may outweigh immediate effects (Salathe et al. 2008; Lively 2010).
Our results clearly show that cumulative effects occur and that their
effects on host allelic diversity may fuel the motor for Red Queen
dynamics to occur. An increase in the number of alleles may be
attributed to direct genetic effects such as mutations and changes in
copy number variation (CNVs) of the involved genes. CNVs have
already been shown to be important in explaining strong adaptations
due to a large repertoire of functional genes in Daphnia (Colbourne
et al. 2011). We think that the effects of mutations and CNVs are
subtle, but may help the Daphnia host in its adaptation. The Daphnia
adapt fast using standing genetic variation (which is fuelled by sexual
recombination through the hatching of resting eggs upon the start
of a growing season in cyclical parthenogenetic Daphnia) and strong
directional selection among clones (Vanoverbeke & De Meester
2010; Allen & Lynch 2012). Nevertheless, mutations or CNVs are
valuable upon parasite mediated negative frequency-dependent (bal-
ancing) selection. Given that these alleles are initially present in low
numbers, they are per definition rare alleles to which the parasite
cannot be adapted in the Red Queen coevolutionary process.
Another way for new alleles to enter the host population is
migration, which can help the host in its resistance to build up its
resistance to the parasite over time. For example, if host migration
is larger than parasite migration, the host may be locally adapted
and the parasite locally maladapted (Gandon & Michalakis 2002).
Long-term effects of migration have been shown to dampen geno-
type frequency oscillations (shown in Tellier & Brown 2011; who
studied gene-for-gene based coevolutionary dynamics). Immigration
has been estimated to be relatively low in this study system (see
© 2013 John Wiley & Sons Ltd/CNRS
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Supporting Information ‘Modelled effects over time’). In our model,
the effect of immigration is dealt with under the umbrella of the
increased genetic diversity over time. Immigration from the past
through the hatching of resting stages, reintroducing functional
alleles into the host or parasite population may explain the increase
in allelic diversity as well (Lennon & Jones 2011). These effects of
increasing allelic diversity might interfere with the frequently
detected monopolisation effects in freshwater ecosystems. The
monopolisation hypothesis states that local adaptation and rapid
population growth of a few founder clones when a new habitat is
colonised result in the effective monopolisation of resources, yield-
ing a strong priority effect, limited gene flow and the establishment
of a limited number of clones (De Meester et al. 2002).
Environmental modification may have further contributed to the
damping effect observed in our experimental infectivity dynamics.
Environmental modification can be the driver of the spread of alle-
lic variants. It may therefore have influenced host–parasite fre-
quency-dependent coevolutionary dynamics (Blanquart & Gandon
2012). Furthermore, the environment in which hosts and parasites
interact may also affect the strength and direction of selection
(GxGxE interactions, Gavrilets & Michalakis 2008; Wolinska &
King 2009; Vale et al. 2011; Tellier & Brown 2011), and various
components of host–parasite fitness (e.g. costs of resistance and
infectivity) may be differentially altered by the environment (Laffer-
ty 2009; Ibelings et al. 2011; Duneau et al. 2011; Duffy et al. 2012).
The condition of the host should be carefully considered if we are
to understand the mechanism by which parasite dynamics influences
host dynamics and vice versa (Beldomenico & Begon 2010). It is pos-
sible that directional changes in the history of the pond may have
resulted in conditions that have affected the detected amplitude
change in the Red Queen cycles. There was a directional increase in
parasite virulence over time, an effect that we accounted for in the
implemented coevolutionary model. The results from the extended
MAM including increasing virulence showed a significant change in
the period of the Red Queen dynamics (as earlier found in e.g.
Lively 1999; Agrawal & Lively 2002), but had only a marginal effect
on the amplitude and could not explain the asymmetry found in the
experimental results. Nevertheless, the ecological context in which
host–parasite interactions occur may have been important and we
cannot exclude the possibility that ecological feedbacks to selection
pressures may affect diversity in both the host and the parasite
(Best et al. 2010).
Whether the damping effects over time detected here change the
view on host–parasite coevolution depends on how they influence
the dynamics of the contemporary associations. In Decaestecker
et al. (2007) we did not detect a significant directional change in
infectivity due to the dampening when considering contemporary
associations over time. It is quite likely that the dampening has
affected the contemporary associations in a subtle way, for instance
before Red Queen dynamics has reached equilibrium conditions,
which we assume to have occurred in our ‘experienced’ host. Fur-
thermore, long-term effects present in both the host and the para-
site may be neutralised when we take both changing parasites and
hosts into consideration. In general, our results suggest that coevo-
lution between hosts and parasites are fought with multiple weap-
ons, those that involve direct genetic effects and those involving
more subtle cumulative effects over time. Given that it has been
suggested that Red Queen dynamics play a role in widespread bio-
logical phenomena such as the evolution and maintenance of sexual
reproduction (Hamilton et al. 1990) and the maintenance of genetic
polymorphism at disease loci (Kurtz et al. 2004), the unravelling of
such long-term effects in antagonistic coevolution is relevant in
obtaining insight into the evolution of biodiversity.
We argue that long-term effects in antagonistic coevolution can
enhance host genetic diversity, which may in turn have important
consequences for the host community. In the case of Red Queen
dynamics, hosts and parasites are interacting in a feedback loop in
which they both need to keep ‘running to keep in the same place’.
Such dynamics are not inevitable, but the likelihood increases when
the parasites are reasonably virulent, and especially when the num-
ber of competent host species is low. Dilution effects due to the
presence of multiple competent host species (as has been shown in
the Daphnia–parasite system by Hall et al. 2009) may thus in turn
affect Red Queen dynamics by fighting the battle at the ecological
rather than the evolutionary level. Parallel to the species diversity at
the host community level (an ecological effect), genetic diversity
may act as a buffer for parasitism within the host species (an evolu-
tionary effect) with respect to predictability. Given that the host–
parasite interactions are strong and specific, an increase in the num-
ber of host genotypes through the accumulation of resistance alleles
leads to the avoidance of extreme parasite infectivity. With respect
to the latter issue, an intriguing future perspective of this study
would be to investigate how the evolutionary effects within single
hosts are coupled with ecological effects of the host community
and how eco-evolutionary feedbacks are realised (Becks et al. 2012).
Fascinating and parallel to our conclusion is that eco-evolutionary
studies have shown that investigating short-term intervals reveals
very low rates of evolution as well as high ones. So there is a bias,
but the variance of the rate of evolution decreases with the length
of the observation period (Schoener 2011). We have here also
shown that focusing on long-term time shift differences between in-
teractors gives insight into the variance of coevolutionary dynamics.
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